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学位論文要 旨
Ａｂｓｔｒａｃｔ
Ａｓｗｅｋｎｏｗ,intheRoboticstheinversekinematicsismuchmoredifficult
thantheforwardkinematicsButinthepracticalapplicationssuchaspath
planning，pathtrackingtralectorygeneration，ｅｔｃ，soIutionstotheinverse
kinematicalproblemareoftenrequiredlnmostcases,itisverydifficultoreven
impossibletogettheanaIyticalsoIutionsTbobtainthesolutionsmanynumeral
methodsoralgorithmsa｢eintroducedButingeneraItheyaretoocomplicated
tounderstandandrealizeeasily、
Consideringthesesituations,inthisdissertationtheautho｢ｐｒｏｐｏｓｅｓａＲＤＫ
(RepeatedlyDi｢ectKinematics)methodtodealwiththeproblemTheｏｒｉｇｉｎｏｆ
ｔｈｅＲＤＫｍｅｔｈｏｄｉｓｔｏｍｉｍｉｃａｓｉｍｐＩｅｔｈｉｎｋｉｎｇｍｏｄｅｌｏｆｔｈｅｈｕｍａｎｂｅｉｎｇＩｔｓ
ａｉｍｉｓｔｏｆｉｎｄｔｈｅｓｏｌｕｔｉｏｎｓtotheinversekinematicalproblembyrepeatedly
pe｢formingcalculationofdi｢ectkinematics・ｌｔｈａｓｔｈｅｆｅａｔｕｒｅｓｏｆｓｉｍｐｌｉｃｉｔｙＩ
generality,fIexibiIityandpossibilityofhighlycomputingefficiency、
Inthisdisse｢tation,theapplicationsoftheRDKmethodinpathplanningIK
p｢oblempatht｢ackingandtraiecto｢ygeneration,arestudiedThesimulation
resultsaresatisfactory．
Content
AtfirsttheRDKmethodisintroducedinchapterl・TheRDKmethod
originatesfromasimplethinkingmodelofhumanbeingsWhenwearegivena
work,firstlyweconfirmtheinitialconditionandolqjectiveconditionoftｈｅｗｏｒｋ，
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anddeterminewhichfactorsarethevariablesthatmayinfluencethework
Thenaccordingtotherelationbetweentheinitialconditionandtheobjective
condition，wedocalculatingandreasoningtoseewhetheritispossibIetoget
thesolutionsofthevariables」fthesolutionscanbedecidedanalytically,thatis
okHowever,inmanycases,wefindthatitisdifficuItorevenimpossibletoget
thesolutionsdirectly,Thenwhatshouldwedo？Ｎｏｒｍａｌｌｙｗｅｗｉｌｌｄｏｓｏｍｅｔｒｉｅｓ
－ｄｏｃｈangesoneveryvariable，andseewhatresultwilItakeplacebyevery
changeThenwecomparealltheobtainedresults,andselectthebestoneof
themAndthen，basedontheselectedresult,wewillnotdothenextchanges
urltiltheolqjectiveconditionoftheworkisreached
FiglshowstheflowchartoftheRDKmethodlnthisfigure，supposeina
controlsystem，thattherearencontrolva｢iables,andthatthecontrolaimisto
controlthesevariablesfromaninitialconditiontoanobjectivecondition
AccordingtotheideaoftheRDKmethodfirstlycomparetheinitiaIcondition
andtheoIqjectiveconditiontoseewhethertheyaresameIfyes,thefIowchart
willendwithgoingtotheobjectiveconditionOtherwise,dochangesonthe
vaｒｉａｂｌｅｓＳｏａｓｅｔｏｆｔｈｅｎｅｘｔｐｏｓｓｉｂｌｅconditionsisobtainedbydoingdirect
kinematicaltransformationaccordingtothechangesofthevariablesThen
selectthebestonefromthesetasthenextcondition、Andthencomparethe
nextconditionwiththeolqiectivecondition，runthelooptiIltheobjective
conditionisreached
lntheRDKmethod,therearetwoimportantthingsOneishowtoselectthe
bestonefromthesetofthenextpossibleconditionｓＴｈａｔｍｅａｎｓｈｏｗｔｏ
Ｓelect Change
Set
ofnextpossibleconditions
FiglFIowchartofRDKmethod
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establishtheestimatingstandardDifferentstandardscanmeetdifferentcontrol
goaIslnotherwords,whilethecontrolrequirementismodified1wecanusethe
samefIowchartoftheRDKmethodbyjustmodifyingtheestimatingstandard
TheotheroneisthecalculationefficlencySupposetherearenvariables
andeachvariablehasthreechangesofplus，ｚｅ｢oandminusThenext
possibleconditionswilIhave3〃optionsavailabIe・CalcuIatingandcomparing
theseoptionswilltakemuchtimeWheneveryvariableisadded，the
calculationamountwillincreaｓｅｂｙｔｈｒｅｅｔｉｍｅｓＳｏｈｏｗｔｏｒｅａＩｉｚｅ
high-efficiencycalculationisverycrucial
AｓｗｅｓｅｅｉｎＦｉｇｌ，ｔｈｅＲＤＫｍｅｔｈｏｄｃａｎｂｅａｐｐＩｉｅｄｔｏｄｅａlwithataskthat
isaprocessfromagiveninitialconditiontoanoblectiveconditionSojfan
applicatioｎｃａｎｂｅｅｘｐｒｅｓｓｅｄａｓｓｕｃｈａｔａｓｋ，theRDKmethodcanbe
introducedintｏｉｔ
ｌｎｃｈａｐｔｅｒ２，pathplanningformobilerobotsbyusingRDKmethodis
studiedTheproblemofpathplanninginthischapterishowtomovethemobile
｢obotfromagiveninitialconfiguration(incIudingpositionandorientatio､)toan
objectiveconfigurationTbbesimple,ａ２－ＤＯＦ(DegreesOfFreedom)robotis
usedasthetestobjectBecauseofthetwodegreesoffreedomthereareonly
goptionsavailablefO「ｔｈｅｎextconfigurationlnotherwords，thecalculation
amountisnotmuchSｏｔｈｅｒｅｓｔｐｒｏｂｌｅｍｉｓｈｏｗｔｏｅｓｔａｂｌｉshtheestimating
standardThatistosayhowtoseIectthebestonefromthegoptions？
Thepath-planningstrategywetａｋｅｉｓｍｏｖｉｎｇｔｈｅ「obotfowaldthegoal
whileitsorientationisadjustedasbetteraspossibIeInmoreaccuratewords，
thebestoptionofthenextpossibleconfigurationsistheonethathasthebest
orientation(theｏ｢ientationerrorisminimum)amongtheactiveconfigu｢ations
thatarecloserwiththegoalthanthecurrentconfiguration(theirpositione｢rors
arelessthanthatofthecurrentconfiguration）
lnmostcases，thisstrategywo｢kswelI・Ｂｕｔｉｔｈａｓｓｏｍｅｔｒｏｕｂｌｅｓｉｎｓｏｍｅ
ｓｐｅcialcasesForexampIe，whentheinitialpositionisverynearwiththe
oIqiectivepositionAlthoughtheobjectivepositioncanbereached,ithasnot
enoughtimetomaketheobjectiveorientationForthiskindofcasawithsetting
anauxilia｢ｙgoal,theproblemcanberesolved
lnchapterasolutionstotheIK(inversekinematical）problemofmulti=ioint
｢obotsbyusingRDKmethodarestudieｄＦｏ「amultiJointrobot,thereａ｢e
multiplesolutionstoasameolqjectiveendeffectoIaInthischapteriaRDK
algo｢ithmfo「searchingonesolutionisproposedfirstly・Thenaccordingtothe
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innerrelationsamongthemultipIesoIutionSaflowchartforsea｢chingthe
multipIesolutionsisputfowvardtoo、
ＴｂａｐｐｌｙｔｈｅＲＤＫｍｅｔｈｏｄｉｎｌＫｐ｢obIem,weexpresstheIKproblemas:How
tocontrolthelointva｢iablesfromanyinitialvaluestotheoblectivevaluesthat
indicatethegivenobjectiveendeffecto［
ＴｈｅｍａｉｎｉｄｅａｏｆｔｈｅＲＤＫｍｅｔｈｏｄｉsFirstlyItheendeffectormakesasame
orientationwiththeobjectThenitmovestowardtheolqiectwhiletheorientation
ismaintainedTheendeffectorwillnotstopmovinguntilitcannotgetnearto
theobject
AccordingtotheRDKmethod,foratypicalmultiplelointrobot(ＳＤＯＦｓ),the
nextconditionhasS6=７２９optionsavailableTheamountofcomputationistoo
muchtobepractical、
Tbdecreasethecomputationamount,thesixjointsaredividedintotwo
groups:theａ｢、groupconsistingofthelst2ndandSrdjointsdoesposition
control，ａｎｄthehandgroupincludingthe4th,Ｓｔｈａｎｄethjointsperforms
orientationcontrolTbfinishthetaskofmovingwiththegiveninitialjointstothe
objectiveendeffector,atfi｢sttheo｢ientatloncontrolisdonetomakeasame
orientationwiththeobject,thenthepositioncont｢olisperfOrmedtomake
app｢oachtotheobjectandthenafte｢theｏｒientationcontrolis「epeatedto
adjusttheo｢ientation,thepositioncontrolisrepeatedaｌｓｏＩｎｔｈｉｓｗａｙ,the
positioncontrolandtheorientationcontrolarealternativeIyperformeduntilthe
endeffectorcannotgetneartotheolqject
ByusingtheRDKalgorithmproposedinthischapter,aconstringentsoIution
canbeobtainedfromanyinitialjointvaluesAndsimulationresultsdemonstrate
thatdifferentinitialvaluescanbringdifferentsolutionsThatsuggeststhe
possibiIityoffindingthemultiplesolutionstothesameobjectiveendeffector
withtheRDKalgo｢ithmThekeytotheproble、ishowtosetthedifferentinitial
values、Ｄｕｅｔｏｔｈｅｆａｃｔｔｈａｔｔｈｅｒｅｍｕｓｔｂｅｓｏｍｅｉｎｎｅｒ「elationsamongthe
multiplesolutions，itishelpfultoresolvetheproblemiftheinner「eIationsare
knownMoreaccuratelytosayithemultiplesolutionsmayｂｅｏｂｔａｉｎｅｄｂｙ:At
first,onesolutionissea｢cｈｅｄｏｕｔｂytheRDKalgorithmwithanyinitialvalues・
ThenaccordingtotheinnerrelationsamongthemuItiplesolutions，otherinitial
valuesaresetFinally1withtheseinitialvaluesothersolutionswillbesearched
bytheRDKaIgorithm
TbchecktheefficienｃｙｏｆｔｈｅＲＤＫａｌｇｏｒｉｔｈｍ１ａｒｏｂｏｔｗｉthanoffsetinits
wrist,whosesolutionsarenotanalytical，istestedTheresultsaresatisfactｏｒｙ
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■lntheendofthischapter,asabyproduct,ｗｉｔｈｔｈｅＲＤＫｍｅｔｈｏｄａｓｉｍｐｌｅ
ｗａｙｆｏｒcalculatingJacobianmatrixisgiven
lnchapter4,pathtrackingfo「multiloint｢obotsbyusingRDKmethodis
studiedInthischapter1thepathisconsideredasacompositionofmany
consecutivepoints」notherwords,ｔｈｅｐａｔｈｉsapoint-to-pointpathatfirstln
addition,whiletheendeffectorexecutesapath-trackingtask,accordingtothe
tasksuchasmovingacupofcoffeacontrollingtheorientationoftheend
effecto「ｉｓｏｆｔｅｎ「ｅｑｕｉｒｅｄＴｂｂｅｓｉｍｐｌｅ，holdingastableorientationis
conside｢ｅｄｈｅ｢eThereforethegivenpathisequaItoasetofmanyobjective
endeffecto｢s,whlchhaveconsecutivepositionsandasameorientationThus
thepath-trackingtaskissimplifiedasfindingthesolutionstotheseobjective
endeffectorsDuetothemuItiplesolutions,theconstraintsofthejointlimitsof
therobotandtheobstaclｅｓｉｎｔｈｅｐａｔｈｃａｎｂｅａｖｏｉｄｅｄｂｙｓｕｂｓｔitutingthe
unfeasiblesolutionswiththefeasiblesolutionsSothepath-trackingtaskcan
besuccessfullycompletedButthereisanotherproblem
lnapath-trackingtasMhejointsarerequiredtocontinuouslychangeWhen
anunfeasiblesolutionissubstitutedwithafeasiblesolutionhowtokeepthe
continuitiesofthejoints？ComparedwiththelKproblem,thesubstitute-solution
problemissimila｢Bothcanbedescribedasataskofchangingthejointsfrom
theinitialvaluestotheobjectivevaIuesltmakesposslblethattheideadealing
wiｔｈｔｈｅｌＫｐｒｏｂｌｅｍｃａｎｂeemployedforsubstitutingsolutionwithsome
modificationsSoinｔｈｅｓａｍｅｗａｙｏｆｄｅａｌｉｎｇｗｉｔｈｔｈｅｌＫｐｒｏｂｌｅｍ，duringthe
processofsubstitutingsolutionthesixjointsoftherobotaredividedintotwo
groups：thearmgroupconsistingofthelst，zndandSrdjointsdoes
angle-positioncontrol,ａｎｄthehandgroupincludingthe4thSthandethjoints
peIformsorientationcontrol・Themainideadealingwiththesubstitute-soIution
problemis:decreasetheanglee｢rorgraduallywhiletheorientationisadjusted
Basedonthisidea1simulationistriedTheresultsaresatisfactorytoo・
lnchapteratrajectorygenerationofastancerobotinstandingmovements
isstudiedInthischapter,firstlythestatictrajectorybyusingtheRDKmethodis
generatedThenthedynamiceffectistriedbyaddingthetimeintervalbetween
anytwoconsecutiveIinkposturesofthestatictrajectory
Du｢ingthetrajectoni'gene｢ation,threeconstraintsareconsiderｅｄＴｈｅｙａ｢e
noturnover,noviolationsofthejointlimitsandthetorquelimitsTheaimofthe
trajectorygenerationinthisdissertationistoobtainatrajectoryｏｎｗｈｉｃｈｔｈｅ
ｒｏｂｏｔｃａｎｓｔａｎｄｕｐａｓｅａｓｉｌｙａｓｐｏｓｓｉｂｌｅＴｈｅｄｅｇｒｅｅｏｆｔｈｅｅａsinessis
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evaluatedbythetorquerateForajoint,itstorquerateisdefinedasa｢atioofits
to｢quetoitsmaximumtorqueThesmalle「thetorqueis，themoreeasilythe
standingmovementcanbefinished・Viceversa
SinCethestancerobotconsistsofthreejoints(anklekneeandhip),there
arethreevariablesinthetrajectorygenerationAccordingtotheRDKmethod，
whilethestandingtaskisexecuted,eachjointisgivenasmallchange,and
thentherearetwenty-sevenoptionsTheoptionthatmostsatlsfiestheaimand
theconstraintsisselectedastheresultSuchprocedureisreiteratedfromthe
initialpostureuntiltheerectpostureisreached
OｎｔｈｅｂａｓｉｓｏｆｔｈｅＲＤＫｍｅｔｈｏｄ，variousstandingmovementsincluding
sit-to-standmovements，squat-to-standmovements,standingmovementswith
disabilities,ａｎｄetc.，ａ｢etriedTheresultsareve｢ygood
AlthoughthestatictralectoriescanbeobtainedbasedontheRDKmethod
introducedbefore,inpracticalapplications，thedynamicinfluencescannotbe
neglectedSoitisnecessa｢ytogeneratedynamictrajectories
Tbgetdynamictraiectories,theessentialfactorthatshouldbeconsideredis
timeDuetothefactthatthestatictrajectoriesconsistofmanylinkpostures,ｉｆａ
ｐ｢ope「ｔｉｍｅｉｎｔｅｒｖａｌｉｓｓｅｔｂｅｔｗｅｅｎａｎｙｔｗｏconsecutivelinkpostures，the
dynamiceffectsareobtainedHoweverhowtosetthepropertimeintervaI？
Ifthetimelntervalislarge,thedynamlceffectswillnotbeobviousOnthe
contrary,ifthetimeintervalissmall1thedynamicinfluencesarenotable,butthe
constraintsbecomedifficulttomeetlnthisdissertation，thetimeintervalisset
withthefollowingidea:undertheconditionthatalltheconstraintsaresatisfied1
thetimeintervaIissetassmallaspossiblelnotherwords,finishthestanding
movementsassoonaspossibleAｓｅｘａｍｐｌｅｓ，thedynamiceffectsofthe
sit-to-standmovementandthesquat-to-standmovementaretried
lnchapteraconclusionsaremade､TheRDKmethodhasthefCilIowing
goodfeatures計
①Ｓ/､p"c/b/SincetheRDKmethodisproposedonthebasisofasimple
thinkingmode,itdoesnotincludecomplicatedalgorithmsandiseasily｢ealized
byprogramming
②Gene旧"tyTheRDKmethodisgeneral・Withalittlesimplemodification，
itsalgo｢ithmcanbeusedinvariousdiffe｢entapplicatiohs．
③Ｆ/exnb"t)／ltsflexibilityliesinthatdifferentcontrolaimscanbe
convenientlyachievedbyjustmodifyingtheobjectivefunctionsintheRDK
aIgorithm
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④Poss/bﾉﾉﾉb／○ｍ/g/Ｗｃｏｍｐｕ肋ｇｅ肋/enCyIntheRDKaIgorithm，the
operationoffo｢wardkinematicalcaIculationispe｢formedrepeatedIyinorderto
obtaintheconstringentresultsThecalculationamountandthecalculationtime
a｢ｅ、ainlydependentonthesamplingvariableThesmallerthesampling
variableis,themoreaccuratetheresultsareButmorecalculationamountand
mo｢ecalculationtimeareneededViceversaTbdealwiththisproblem,firstly
thevariabIeissetwithalarge｢oneinordertoshortenthecomputingtimeAfter
theconstringentresultsareobtained,thevariableisg｢aduallysetsmalle｢ｔｏｇｅｔ
ｍｏｒｅａｃｃｕ｢ateresults」nthisway,therequirementsofthecomputingtimeand
calculationaccuracycanbesatisfiedsimuItaneously
lntheｅｎｄｏｆｔｈｉｓｄｉｓｓｅｒｔａｔｉｏｎａｓａConference，ageneticapproachto
trajectorygenerationisintroducedintheAppendix．
学位論文審査結果の要旨
平成１４年１月２３日に第１回学位論文審査委員会を開催し，提出された学位論文及び関係資料に基づき検
討した。同年１月２９日の口頭発表後に開催した第２回学位論文審査委員会において協議の結果，以下のよう
に判定した。
多関節型ロボットを始めとする各種ロボットにおいてはその順運動学よりも逆運動学の方が重要視される。
これに対して本研究では繰返し順変換の手法を用いて逆運動学問題を解く手法を新たに提案している｡また，
６自由度の多関節型ロボットに単純に繰返し順変換を応用したときその計算回数は３６通りになるが，ロボツ
トハンドの位置と姿勢の評価を別々に行うことにより２×33通りにまで計算量を少なくできる手法について
提案している。さらに，本研究で提案する手法を発展させ，同一のロボットハンドの位置．姿勢に対して８
通りの解であるアーム姿勢を見出せることについても言及している。他方，非ホロノミックな車輪型移動ロ
ボットの運動制御や多関節構造を有する立脚型ロボットについても繰返し順変換の手法が有効であることを
示している。
このように本研究は学術的な解析と計算機を用いたシミュレーションをベースにして実用性の高いロボッ
ト制御技術の開発を提案しており，きわめて有益な知見を与えるものであり，本論文は博士（工学）に値す
るものと判定する。
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